A series of deletions and insertions utilizing the herpesvirus thymidine kinase gene (tk) were constructed in the murine retrovirus Friend spleen focus-forming virus (SFFV). In all cases, the coding region for the SFFV-specific glycoprotein (gp55), which is implicated in erythroleukemic transformation, was left intact. These SFFV-TK and SFFV deletion vectors were analyzed for expression of tk and gp55 after DNA-mediated gene transfer. In addition, virus rescued by cotransfection of these vectors with Moloney murine leukemia virus was analyzed for infectious TK-transducing virus, gp55 expression, and erythroleukemiainducing ability. The experiments demonstrated that deletions or insertions within the intron for the gp55 env gene can interfere with expression of gp55 after both DNA-mediated gene transfer and virus infection. In contrast, the gene transfer efficiency of the tk gene was unaffected in the SFFV-TK vectors, and high-titer infectious TK virus could be recovered. Revertant viruses capable of inducing erythroleukemia and expressing gp55 were generated after cotransfection of the SFFV-TK vectors with murine leukemia virus. The revertant viruses lost both tk sequences and the ability to transduce TK-fibroblasts to a TK+ phenotype. These experiments demonstrate that segregation of the TK and erythroleukemia functions can occur in retrovirus vectors which initially carry both markers.
In the accompanying paper (16) , it was demonstrated that infectious retroviruses expressing the herpes simplex virus thymidine kinase gene (tk) or the bacterial gene for neomycin resistance (neo) could be generated by in vivo recombination and deletion events. The resultant TK and NEO vectors contain a single selectable gene regulated by its homologous promoter, by the simian virus 40 (SV40) early promoter region, or by the functional promoter within the retrovirus long terminal repeat (LTR).
In the present paper, we present experiments designed to test whether retrovirus vectors expressing both selectable and nonselectable markers can be constructed. For this purpose, we chose to insert the herpes simplex virus tk gene into the genome of the polycythemia-inducing strain of Friend spleen focus-forming virus (SFFV), a murine retrovirus which causes rapid splenomegaly and erythroleukemia in susceptible adult mice. Friend disease is at least a twostage process, characterized in the early stages by the proliferation of erythroid progenitor cells with the appearance of macroscopic spleen foci (1) and in the later stages by the emergence of tumorigenic cell clones (24, 25, 35) . Heteroduplex (4) and nucleotide sequence (8) analyses have shown that the defective SFFV genome shares extensive homology with Moloney murine leukemia virus (MLV) and, in addition, contains deletions and substitutions in the gagpol and env regions. The only common SFFVspecific protein expressed by a number of SFFV isolates is an MLV env-related glycoprotein, gp55 , with a molecular weight of 55,000 (23, 27, 30) . This protein consists of env sequences derived from both an ecotropic MLV and a xenotropic retrovirus (4) and is translated from a spliced viral mRNA (3). Linemeyer et al. (22) have demonstrated with subgenomic fragments of SFFV that the 3' env region of SFFV encodes the env-related gp55. In addition, evidence that the expression of gp55 is required for the induction of erythroleukemia comes from the observation that deletions or insertions within the gp55 coding region abolishes the ability of SFFV to induce the early stages of Friend disease (21) .
In this paper, we describe the properties of a series of SFFV vectors that contain deletions of SFFV noncoding sequences or insertions of sequences encoding the herpesvirus tk gene or both. The expression of gp55 and tk in fibroblast cells containing these vectors was analyzed, as were the production and characterization of infectious virus conferring either Friend disease in susceptible mice or a TK+ phenotype to TKtissue culture cells. The results demonstrate that (i) deletion of sequences within the SFFV gagpol noncoding region can interfere with expression of gp55, (ii) insertion of the tk gene into the SFFV noncoding region inhibits the expression of gp55, whereas tk is expressed normally, (iii) infectious TK-transducing virus can be generated from SFFV-TK vectors, but these TK viruses do not induce erythroleukemia, and (iv) infectious erythroleukemia-inducing virus can be isolated from SFFV-TK vectors, but these viruses no longer express the tk gene.
MATERIALS AND METHODS
Cells and viruses. The cell lines, viruses, and procedures for virus infection were as described in the accompanying paper (16) . Friend MLV was obtained from an NIH 3T3 fibroblast cell clone productively infected with this virus (2) . Virus infection of 8-to 10-week-old DBA/2J mice, detection of spleen foci, and the derivation of erythroleukemia cell clones (CFU of Friend virus [CFU-FV]) from the spleens of SFFVinfected mice have been described previously (25) .
Construction of recombinant plasmids. Recombinant plasmids were constructed essentially as described previously (18) . For cloning, the BamHI, BglIIBamHI, and PvulI tk fragments were isolated by preparative gel electrophoresis and electroelution (11) from the pBR322-derived plasmid pXI (12) carrying the herpes simplex virus tk gene. The EcoRI pSFFV, EcoRI-BamHI 5' LTR, and EcoRI-BamHI 3' LTR fragments were similarly isolated from phage A SFFVp5O2 (37) . To construct the plasmid pSFFV, equal amounts (500 ng) of phosphatase-treated, EcoRI-digested pBR322 and the EcoRI pSFFV fragment were ligated. pAJO32 was constructed by digesting 1 ,ug of pSFFV with the restriction enzyme BglIl and ligating the mixture at a DNA concentration of 5 p.g/ml. Plasmid pAJOll was constructed by ligating equal amounts (2 ,ug) of the EcoRI-BamHI 5' and 3' LTR fragments at a concentration of 100 FLg/ml. The ligated DNA was then digested with the restriction enzyme EcoRI and ligated to phosph4tase-treated, EcoRI-digested pBR322. Plasmid pAJ363 was constructed by ligating equal amounts (1 ,ug) of HpaIdigested pSFFV and the PvuII tk fragment. Plasmids pAJ132 and pAJ142 or pAJ232 were constructed by ligating equal amounts (500 ng) of phosphatase-treated, BglII-digested pAJO32 and the BamHI tk or the BgIl-BamHI tk fragments, respectively. All plasmids were transfected into Escherichia coli HB101 (5) as described previously (9) . The construction of the recombinant phages XAJ111 and XAJ121 has been described elsewhere (17) .
DNA transfection and virus rescue. DNA transfections of LTA cells and cotransfections of NIH 3T3 cells to recover infectious virus were carried put as described in the accompanying paper (16 6 .81, 11 .2% glycerol, 3% SDS, 0.01% bromophenol blue, and 5% 2-mercaptoethanol [6] ). After pelleting of the protein A-Sepharose, the supernatant samples were heated to 100°C for an additional 4 min and electrophoresed through an SDS-polyacrylamide horizontal gel containing 5% (stacking gel) and 10% (separating gel) acrylamide as described by Laemmli (20) . After staining with Coomassie blue, the dried gels were exposed to Kodak XAR-5 X-ray film with Cronex Lighting-Plus intensifying screens at -700C.
Blot hybridization and gel electrophoresis. Conditions for restriction enzyme digestion of DNA, agarose gel electrophoresis, and blot gel hybridization are described in the accompanying paper (16) .
RESULTS
The protocols used to analyze the properties of the SFFV deletion and SFFV-TK vectors are diagrammed in Fig. 1 SFFV-TK vectors could generate infectious retroviruses, these DNA clones were cotransfected into NIH 3T3 cells with pMOV-3, a molecular clone of a replication-competent Moloney MLV as described in the accompanying paper (16) . The viruses harvested from these cotransfections (the primary virus stocks) were then analyzed for both their TK activity and the presence of SFFV activity by infection of susceptible DBA/2J mice and detection of spleen foci 19 to 25 days later. In addition, the secondary virus stocks harvested from either the TK+ cell clones or the enlarged spleens of leukemic mice were further analyzed for the presence of tk sequences and a functional tk gene, gp55 expression, and SFFV activity.
SFFV deletion vectors. As a first step in the construction of SFFV vectors containing the herpesvirus tk gene, deletion vectors were constructed in which portions of the SFFV genome outside the gp55 coding region were removed. The env-related gp55 of SFFV is translated from a spliced viral mRNA (3), as is the env protein of MLV. Comparison of the SFFV and MLV provirus sequences (8) has identified putative splice donor and acceptor sites for the processed SFFV gp55 mRNA ( Table 1 To test whether these intron sequences are required for gp55 expression and rescue of infectious virus, we constructed two SFFV deletion vectors containing specific restriction enzymegenerated deletions in the apparent intron for gp55. Plasmids pAJOll and pAJO32 were constructed as described above and contain deletions of the sequences between the extreme BamHI and BgIII restriction enzyme sites, respectively, of SFFV (Table 1) .
SFFV insertion-substitution vectors. We next constructed a series of vectors in which DNA fragments containing the tk gene were inserted into the intact SFFV genome and into the SFFV deletion mutants described above. The insertion vector pAJ363 contains the tk gene on a PvuII fragment that includes both tk transcription initiation and polyadenylation signals inserted into the unique HpaI site of pSFFV as described above. The transcriptional orientation of tk is opposite that of SFFV in pAJ363 (Table 1) .
Several SFFV tk substitution vectors were constructed in which the tk gene was inserted into the unique BamHI or BglH sites of deletion vectors AJOll and AJ032, respectively ( Table   1 ). The vector AAJ121 contains the tk gene on a BamHI fragment containing the tk transcriptional promoter and polyadenylation site inserted into the unique BamHI site of pAJOll in the opposite transcriptional orientation to the SFFV 5' LTR (Table 1) .
Two SFFV-TK substitution vectors, pAJ132
and pAJ232, were constructed from BglII-deleted SFFV plasmid pAJO32. pAJ132 contains the BamHI tk fragment inserted into the unique were labeled with [5S]methionine. Cellular proteins were immunoprecipitated with a monospecific goat antiserum against Rauscher virus gp7O and electrophoresed through a polyacrylamide gel as described in the text (see Fig.  2 ). nt, Not tested; + + +, presence of detectable gp55; -, absence of detectable gp55.
d Each plasmid vector (5 jjg) was cotransfected with 5%g of the cloned MLV plasmid, pMOV-3 (14) , onto NIH 3T3 cells as described in the accompanying paper (16 (Fig. 2) . These results indicate that deletions in the SFFV noncoding region can interfere with gp55 expression, that substitution of tk for SFFV sequences does not restore gp55 expression, and that insertion of tk sequences into SFFV genomes expressing gp55 suppresses gp55 synthesis.
Expression of the tk gene by SFFV-TK vectors. The specific activity of the tk gene in the SFFV-TK vectors was determined by measuring the number of TK+ colonies after DNA-mediated gene transfer of the SFFV-TK vectors into TK-LTA cells. The tk insertion and substitution vectors expressed the tk gene at an efficiency similar to that of pXI, the parental tk plasmid (Table 1) . This was also true of plasmid pAJ232, in which a DNA fragment, including the tk coding sequence but deleted of the tk promoter, was inserted 0.2 kilobases (kb) downstream and in the same transcriptional orientation as the Table 1 ). As controls, the recipient Rat-2 and an NIH 3T3 cell lines producing SFFV were analyzed for gp55 production.
SFFV 5' LTR (Table 1 ). This observation confirms and extends previous observations from this laboratory showing that the SFFV 5' LTR can activate the herpesvirus tk gene (18 + + + -a Adult DBA/2J mice (6 to 8 weeks of age) were injected intravenously with 0.5 ml of primary virus harvested after cotransfection of XAJ121 or pAJ363 and pMOV-3 as indicated. At the times shown, hematocrits were measured, spleens were weighed, and cells from individual spleens were taken for gp55 analysis (see text), virus extraction, or plating in methylcellulose to detect CFU-FV (25) . The virus recovered from individual spleens was analyzed for TK virus and induction of spleen foci as described in footnote d of The primary virus stocks, obtained after cotransfection of the SFFV-TK vectors and pMOV-3, were also analyzed for their levels of infectious TK virus by infecting TK-Rat-2 cells and determining the number of HAT (0.1 mM hypoxanthine, 1.0 ,uM aminopterin, 40 ,uM thymidine)-resistant colonies 7 days later. The primary virus stocks generated from tk insertion vector pAJ363 contained 102 to 103 TK virus per ml (Table 1) , whereas the virus stocks generated from tk substitution vector XAJ121 yielded only low titers (1 to 10) of TK virus. No detectable TK virus was recovered from vector pAJ132 or pAJ232. This latter observation is consistent with the observation that the parental molecule, pAJO32, does not generate detectable levels of infectious SFFV virus.
Infectious TK virus derived from SFFV-TK vectors. To characterize the infectious TK virus present in the primary virus stocks generated from the SFFV-TK vectors, three TK+ Rat-2 cell clones (121-2A, 121-3A, 121-1B) infected with primary TK virus generated from the BamHI substitution vector XAJ121 were isolated and grown in HAT medium. These cells were then analyzed for the structure of the integrated TK provirus present in each cell line, their levels of gp55 expression, and the secondary titers of TK virus and SFFV activity released by these cells.
(i) Structure of the SFFV-TK provirus in TK+ transductants. The structure of the rescued TK provirus genomes was investigated by Southern gel (31) and blot hybridization (34) analyses of total cellular DNA from the three TK+-transduced Rat-2 clones with a 32P-labeled BamHI tk fragment probe. These results were compared with the restriction maps of parental viruses AJ121 and MOV-3, and tentative restriction maps are shown in Table 3 . To determine the size of the rescued TK proviruses, cellular DNA was cleaved with SstI, an enzyme which cleaved within the U3 region of the Friend LTR. Each of the three primary TK viruses analyzed had a different SstI tk fragment size (Fig. 3) which was less than the genome size of virus AJ121.
To determine the origin of the LTRs of the TK-transducing viruses, the restriction enzyme XbaI was used. This restriction enzyme cleaves within the LTRs of MOV-3 but does not cut the SFFV genome. XbaI digestion of DNA from clone 121-2A yields a single tk DNA fragment which appears to be identical in size to the fragment generated by SstI cleavage of the same DNA. XbaI digestion of DNA from the remaining two clones yields tk DNA fragments larger than the SstI tk fragments. Thus, as discussed in the accompanying paper (16), the U3 regions of both the 5' and 3' LTRs in cell clone 121-2A appear to be derived from the helper Moloney virus, whereas the U3 regions of the two LTRs in clones 121-1B and 121-3A appear to be from SFFV.
The TK provirus genome structures were further analyzed with restriction enzymes which cleave the SFFV-TK genome internally (Fig. 3) . (Fig. 3) (iii) TK virus and SFFV production by TK+ transductants. The TK virus and SFFV titers produced by the three cell clones listed in Table  3 were determined by harvesting virus from each cell line and testing for the presence of TK virus and SFFV as described for the primary virus stocks. Cell lines 121-2A and 121-1B produce high titers of TK virus (>103/ml), but no SFFV was detected after injection of many mice with these virus stocks ( 4 . gp55 analysis of TK+ Rat-2 cells infected with rescued TK virus generated from XAJ121 (cell lines 121-2A, 121-3A, and 121-1B) and spleen cells from leukemic mice infected with virus generated from AJ121 and AJ363. The days after infection at which the spleens were taken are indicated. As controls, the uninfected Rat-2, MLV-infected, and SFFV-infected NIH 3T3 cell lines were analyzed for the production of gp55. See text for details of gp55 analysis. kd, Kilodaltons.
which do not express gp55 or SFFV activity. Also, the SFFV-TK vectors from which these viruses were generated do not express gp55. It was therefore of interest to document the progression of Friend disease induced by the primary virus stocks, to determine whether gp55 is expressed by leukemic spleen cells infected with the SFFV-TK virus, and to analyze the virus recovered from these spleen cells for erythroleukemia induction and TK transduction.
(i) Friend disease induced by novel SFFV derived from SFFV-TK vectors. A summary of the analysis of induction of Friend disease in vivo by these novel SFFVs is shown in Table 2 . The early stages of Friend disease were observed in six of eight mice infected with the primary virus generated by SFFV-TK insertion vector pAJ363, as assayed by the presence of spleen foci, by the increase in mouse spleen weight, and by the elevated hematocrit. Also, two transformed cell lines (61-1 and 61-5) which are characteristic of the later stage of Friend leukemia were derived from the spleen cells of one mouse taken 51 days after infection. Similarly, at least 4 of the 10 mice infected with the primary virus generated from the SFFV-TK substitution vector XAJ121 acquired an erythroleukemia. Again, one transformed cell line (21-1) was obtained from the spleen cells of a mouse 41 days after infection. These results demonstrate that the virus present in the primary SFFV-TK virus stocks is capable of producing both the early and the late stages of Friend disease.
(ii) TK virus production by leukemic spleens.
The secondary virus stocks harvested from the enlarged spleens of leukemic mice were tested for the presence of TK and SFFV virus. No TK virus was detected in any of the eight secondary virus stocks obtained from leukemic spleens. However, spleen foci were observed in mice infected 9 to 11 days previously with all eight of the secondary spleen virus stocks (Table 2) .
(iii) gp55 expression in leukemic spleen cells. The expression of gp55 by leukemic spleen cells 28 days or more after infection with primary virus was determined by immunoprecipitation with an anti-Rauscher gp7O antibody and SDS gel electrophoresis as described above (Fig. 4) It is interesting to note that deletion of 1.4 kb of the SFFV noncoding region in the BamHI deletion variant drastically lowers gp55 expression, whereas the larger 2.9-kb deletion in the BgII deletion variant expresses normal levels of gp55. The BglII deletion includes all but 0.6 kb of the putative gp55 mRNA intron. Chen and Temin (7) have also observed that there does not appear to be a direct relationship between the size of the intron deletion and the levels of gene expression.
Design of retrovirus vectors. Structural analysis of the proviruses present in the TK+ transductants and in the erythroleukemia cell lines indicates that deletion and recombination events are associated with the generation of these infectious viruses. These genetic changes result in the generation of a heterogeneous population of viral genomes in the primary virus stocks and the functional segregation of the tk and erythroleukemia-inducing functions after selection for either marker.
These (21, 22) . Our results confirm that expression of the env gene-encoded gp55 is necessary for at least the early stages of Friend leukemia. In addition, the results presented here, paralleling similar studies with the avian retrovirus reticuloendotheliosis virus (7), indicate that the presence of an intact SFFV env gene is not sufficient to induce disease. Deletions or insertions within the SFFV noncoding region can suppress transformation by this virus. The SFFV genome contains multiple deletions and substitutions within its gag-pol and env regions when compared with the Moloney MLV genome (4, 8) . Although many of these genetic alterations may be neutral mutations that do not affect the pathogenicity of the virus, some of these alterations in the SFFV noncoding region may favor, or be essential for, the expression of gp55 and induction of Friend disease. Thus, SFFV may have arisen by a multistage process that included both the acquisition of the gp55 env gene and deletions-substitutions within the gag-pol region. Other retroviruses have been described that have acquired a cellular oncogene whose expression may also utilize the env splice acceptor, including reticuloendotheliosis virus (7), avian myeloblastosis virus (19, 26) , Moloney murine sarcoma virus (28) , and simian sarcoma virus (10) . Like SFFV, the evolution of these transducing viruses may have involved a multistep process that included the stable acquisition of a dominant transforming gene, as well as alterations in the gag-pol region.
